Permeability to water of polyethylene films grafted with styrene by Chander, Narasimhan
Lehigh University
Lehigh Preserve
Theses and Dissertations
1971
Permeability to water of polyethylene films grafted
with styrene
Narasimhan Chander
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Chemical Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Chander, Narasimhan, "Permeability to water of polyethylene films grafted with styrene" (1971). Theses and Dissertations. 5093.
https://preserve.lehigh.edu/etd/5093
PERMEABILITY TO WATER OF POLYETHYLENE FILMS 
GRAFTED WITH STYRENE 
by 
Narasimhan Chander 
A Research Report 
Submitted in Partial Fulfilment 
of the Requirements for the degree 
of 
Master of Science 
in 
Chemical Engineering 
Lehigh University 
Bethlehem, Pennsylvania 18015 
June, 1971 
This research ~eport is accepted and approved in parti~l 
f,ulfillment of the requirements for the degree of Master of 
Science in Chemical Engineering • 
.r/;.f/7, 
Date ~Manson, 
Professor-in-Charge. 
L.A. Wenzel, 
Head of the Depa tment. 
i 
! 
.! 
I 
TABLE OF CONTENTS 
Abstract 
1. Introduction 
(a) Purpose of the Study. 
(b) Literature Survey 
(i) Diffusion and Solubility 
(ii) Permeation in Graft Copolyers 
Page 
T3T 
1 
(iii) Preparation of Graft Polymers by Irradiation 
2. 
3. 
Experimental 
(a) Description of the Apparatus 
(i) Vacuum System 
(ii) Insertion. of Samples 
(iii) Irradiation Source 
(iv) Permeability Apparatus. 
(b) Impregnation Technique ~ 
( C) Permeability Measurements 
(d) Further Refinements 
Experimental Results 
(a) Permeability 
(i) Instrumental and Annealing Effects 
(ii) Effects of Grafting on Permeability and 
other Properties 
18 
28 
J i' 
r 
I 
,j 
i 
i 
! 
1. 
LIST OF FIGURES 
Page 
-
1. Vacuum system in which de-aeration and post-
irradiation took place 41 
2. Plot of irradiation time in the Gamma Cell 220 
and the corresponding styrene grafting 42 
3. Permeability of control and 11.2% styrene graft 
based on a constant background 43 
4. Background (PPM) plotted against ambient tempera-
ture 44 
5. Permeability of annealed control 45 
6. Permeability of 11.2% styrene graft, annealed 46 
7. Permeability of 11.7% styrene graft 47 
8. Permeability of 14. 7% styrene graft 48 
9. Permeability of 11.2% styrene graft 
(annealed three times) 49 
10. Permeability of 8.6% styrene graft 50 
11. Permeability of 7.2% styrene graft 51 
12. Density of grafted films plotted against grafting 
percentage 52 
13. Solubility of grafted films plotted against 
temperature 53 
TABLE 
I. Kinetic Parameters for Permeation for Polyethylene-
styrene Grafts 54 
i 
! 
i 
l 
I 
\ 
\ 
l 
I 
4. Discussion 
(a) Effect of Degree of Grafting on·Permeability 
(b) Possible Explanations 
5. Acknowledgements 
6. Bibliography 
Page 
33 
39 
40 
. (' 
!i 
)'-~ .... --·~---·~ 
PERMEABILITY-TO WATER QF POLYETHYLENE FIL~ 
GRAFTED WITH STYRENE 
by 
Narasimhan Chander 
ABSTRACT 
This report describes the preparation of poly(ethylene-
g-styrene) by irradiation methods and the permeability charac-
teristics of the graft polymer to water at desalination process 
tempe:t'a.tures and pressures. The films are potential candidates 
as barrier membranes to protect concrete against corrosion 
during the desalination process. 
It was found that fi_lling up the holes in polyethylene 
by styrene monomers did not restrict the permeation of water, 
at temperatures ranging from 25-80°C. It seems likely that 
the morp~ology is altered by the grafting so that a more open 
texture is obtained. Thus, we have a slightly enhanced per-
meation in graft polymers, as compared to plain polyethylene. 
i 
I, Introduction 
·• (a) Purpose of the Study 
The research work presented herein was sponsored by the 
Office of Saline Water, U, S. Department of the Interior, 
~ 
Washington, D, C, The OSW is concerned with the many facets 
of desalination, from the fundamental theories to the practical 
application of these theories in the desalting of sea-water 
for potable use. 
Among the many methods available for desalting, there is 
the relatively simple process of flash distillation. With the 
use of pipe stills, which consist of tubing arranged in a fur-
nace setting, the brackish water is heated until a s·ufficient 
temperature is reached to vaporize part of the feed. The vapor 
remains in contact with the remaining liquid until the exit of, 
the pipe still. Through the pipe still tubes, a considerable 
pressure drop may develop, depending on the degree of vapori-
zation. At the exit of the tubes, the flow·enters a flash 
distillation chamber which is considerably larger than the 
tubing. The effect is to reduce the pressure of the liquid 
and make the latent heat of vaporization available from the 
sensible heat of the liquid, The result is additional vapor 
or flashing. 
It has been suggested that concrete be employed as the 
material of construction. (There could be other alternate 
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materials, but we are dealing with the protection of concrete). 
It would give a considerable savings in cost. However, a pro-
tective coating is necessary for concrete because it is highly 
susceptible to corrosion from salt and water; the two effects 
from exposure to marine (saline.) water are (1) leaching of CaO 
causing the structure to crumble, (2) exchanging of the cation 
with the sulfate ion causing expansion and stress in the concrete. 
The main object~ve of the program, of which this study .forms 
a part, is to investigate the possibility and feasibility of 
polymer coatings ·to protect concrete. 
The distillation chamber needs a life of 20 to 30 years 
with exposure to sea-water at 290°F and elevated pressure. 
There is the difficulty, both economically and physically, of 
replacing the corroded, crumbled cement walls when allowed to 
stand bare against the strong saline environment's ravaging 
attack. To alleviate and lessen the handicap, we are trying 
to build a barrier that protects the concrete from such 
hazards. 
This report deals with the characterization of graft·co-
polymers with regard to their permeability to water. We have 
proceeded along a chosen line for the synthesis of our polymer 
and have studied its susceptibility to saline environments. 
Plausible explanations are offered. Clearly, further work 
and discussion on these and related problems are required. 
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The reason for choosing a graft .. co-polymer runs as follows: 
Polyethylene ~s a good barrier to the permeability of water. 
It has found increasing applications of it·in consumer-oriented 
packagings. Meat-wrapping, for instance, offers an example of 
its· use, where one ·needs a wrapper that can breathe oxygen to 
keep the meat fresh, but which can restrict the permeation of 
water or water vapor. 
Fels & Huang (1) claim that it is the free volume in the 
semi-crysta°lline polyethylene polymer that permits transmission 
of liquids through the film. If there could be a method to re-
duce this free-volume, it would consequently reduce the permea-
tion of liquids. This idea is consistent with a free volume 
theory originally proposed by Fujita (3). 
Myers (2) claims that irradiated polyethylene has a re-
duced permeability to nitrogen gas. Later, Myers d1d the same 
experiment on grafted polyethylene and found it to substantially 
reduce permeability. The grafting monomers used were styrene. 
and acrylonitrile. The next chapter deals with an exhaustive 
report on this and similar reports in the literature. 
Fels & Huang have similarly grafted styrene monomer to 
polyethylene by the simultaneous irradiation technique and 
f~nd that this enhances permselectivity. Michaels and Bixler 
'(15) further.extol the effects of annealing on permselectivity· 
to binary liquids. 
3 
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The process of grafting we chose is the ore which Ballan-
tine claimed to yield the most homogenous type of film possible. 
Finally, a timely paper by Connolly (4) is worth noting. 
He studied the effect of sea-water on polyethylene during an 
exposure duration of 15 years, and found very little effect. 
This confirms our supposition that polyethylene should be a 
reasonable barrier, at least at low temperatures. 
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(b) Literature Survey 
(i) Diffusion and Solubility 
The free volume theory of diffusion has :been extended to 
.polymeric systems by H. Fugita (3). The basic idea is that· 
the mobilities of both the polymer segment and the diffusing 
molecule in a polymer-diluent system are primarily determined 
by the amount of free volume ·present in the system. The "free 
volume" is analogous to the "hole" which is opened up by the 
thermal fluctuations of the polymer system and is expressed as 
a function of the total volume of the system. 
Before w.e proceed further, let us define a permeability 
constant, P, as 
P = D.S 
where Dis the diffusivity of the system and S is the solu-
bility of the permeant in the membrane. From the plots of 
permeability and temperature (°K), diffusivity and temperature, 
it could be said that they have an Arrhenius type of relation, 
such as, 
and hence, 
where 
p = p e-Ep/RT 
0 
D =De-Ed/RT 
0 
S = S e-6HS/RT 
0 
P
0 
is the Permeability constant 
EP is the Activati9n Energy required for Permeability 
R is the Universal Gas Constant 
T 
. 0 is the Temperature in K ·. 
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In two papers by M. Fels and R. Y. M. Huang (1,5), the 
free volume theory has been used to determine the diffusion 
coefficients of liquids in polymer membranes. They have 
studied the effect of ·styrene grafting on the diffusion and 
solubility of organic liquids in polyethylene. The Fujita 
free volume express i.s: 
D'i' 
--= In 
Dc=o I- VP J L [f ( 0 , T)] 2 ~ d +[ f ( 0 , T) /B d] v p 
where DT is the thermodynamic diffusion coefficient· 
Dc=o is the diffusion coefficient at zero concentration, 
v is the volume fraction of the diffusing species, p 
f(O,T) is the free volume of the polymer at temperature T 
~(T) is a proportionality constant relating the increase 
in free volume of the system with added liquid 
is a constant for a given system and is related to 
the size of the minimum "hole" for a diffusi'onal 
step to occur. 
(ii) Permeation in Graft Copolymers 
Fels & Huang prepared their graft copolymer of styrene 
onto polyethylene film by simultaneous irradiation-cum-grafting. 
They report their study of change in Dc=o with percentage graft-
ing. Their report indicates (from their graph of Dc=o vs 
percentage grafting) that Dc=o ~ecreases with increasing per-
6 
centage grafting. This therefore indicated
 that the free vol-
ume parameter of the polymer network availa
ble for-diffusion 
decreased as more styrene was grafted. How
ever, they warn that 
Dc=o also depends on the morphology, histor
y of film prepara-
tion, etc. 
Their explanation for the reduction is as fo
llows. When 
graft co-polymerization takes place at the 
free radical sites 
on the polyethylene backbone, ·the polystyre
ne attaches itself 
onto the polyethylene chains in the amorpho
us regions. In this 
way the mobility of the polymer ~hains is r
educed, resulting 
in a lowering in the free volume. 
Fels and Huang further note that conditionin
g of the film 
by soaking in the penetrant liquid did not 
appreciably alter 
the crystallinity measurements. They note 
that in their ex-
periments, below a grafting percentage of 2
6%, grafting took 
place at the amorphous contents where it w
ould affect the free 
volume for diffusion. The grafted polystyre
ne is considered 
to be analogous to "cross-links". The effe
ct (apparent) of 
cross-linking appeared from the randomly co
iled side chains 
becoming entangled with other molecular cha
ins. One caution 
in interpretation was stated. The free volu
me of the polymer 
depends to some extent on the permeant used
 in the desorption 
experiment. 
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Raff and Allison (6) describe the permeability of ga
ses 
and vapors through elastic and pl~stic mem
branes as a combin• 
ation of the 2 functions of solution and di
ffusion. The pro• 
cess is that the gas first dissolves in the
 polymer, then 
diffuses through to a position of lower co
ncentration, and 
then evaporates from the other side. 
In describing the effects of radiation on m
embranes 
(6, p.138). Raff and Allison say that 90% of the gas
es liber-
ated during an in vacuo irradiation of poly
ethylene is hydro-
gen gas. They further conclude that 'in va
cuo' irradiation 
of polyethylene eliminated its cold-drawing
 properties, made 
it more brittle and more like a three-dimen
sional polymer due 
t9 (cross-linking)~ They report that there was a red
uced per-
meation to gases due to this in vacuo irrad
iation (actually, 
a reduction in the diffusion constant). In one of th
eir cross-
references, a distinguished worker, Chapiro
, says that irradia-
tion could always lead to either cross-link
ing or degradation. 
An article (7) by Myers, Rogers, Stanna:t and Szwarc 
supports the possibility that poly(ethylene-g-styrene
) could 
have a lower permeability than a homopolym
er of ethylene. 
They found that the flow rate of gas perme
ation could be given 
as: 
8 ' 
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where permec:1tion P is in cc gas( S~P,cm · ,mm/se,c/cm
Hg 
~~ = partial pressure 
gradient across the film 
A is the area of the film in crri
2
, and the flow-rate· is expressed 
in cc STP/Sec. 
Myers et al show that there is a small 
decrease in the 
permeation of gases in poly(ethylene-g-styrene) f
or low levels 
of grafting, followed by an increase for
 high levels of grafting, 
Myers also agrees about the decrease in
 free volume for low-
levels of grafting. He points out that a
t higher levels of 
grafting there is a decrease in crystal
linity which leads to 
increased permeation - since permeation 
is through the amorph-
ous or low percentage crystalline areas
. 
A 'relaxation' process is cited as the r
eason for the 
small decrease in the low-graft regions
. The relaxation fol-
lows the treatment of highly crystallin
e polymer in a good 
swelling agent such as styrene. 
Myers' results with acrylonitile grafts
 (in place of 
styrene grafts) showed no such minima in permeab
ility. Of 
course, we should remember that all thes
e permeations deal 
with gas permeations. He finds a contin
ued reduction in·the 
gas permeability till a 100% or more ac
rylonitrile % of graft-
ing is reached. 
Myers et al feel that the grafted polye
thylene in this 
9 
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case is more tightly coiled in the-hydrocarbon
 matrix as com-
pared to plain polyetJlylene. Thus, it would b
e more impermeable.· 
.They claim that this does not happen in the ca
se of styrene 
grafts. 
An interesting and similar study.was made by H
uang and 
Kanitz (8). They studied the permeation of gases through
 modi-
fied polymer films in general and graft copolym
ers in particular. 
The system they chose was, coincidentally, pol
yethylene-styrene 
graft copolymer. A brief summary of their find
ings is in order. 
The permeability of polyethylene did not signi
ficantly change 
with irradiation, up to a close of 10 Mrad. H
cwever,. graft 
copolymers of the same polyethylene shewed a r
educed permea-
bility with increasing graft concentration, ti
ll it reached 
an optimum. Later, the permeability actually 
increased with 
increasing graft concentrations. 
The activation energy,E~ decreased from 11.7 K
cal/mole 
for plain polyethylene to 9.5 Kcal/mole for a 
50.5% styrene 
graft. The gas used was nitrogen. 
Huang and Kanitz, in order to explain the graf
ting 
mechanism, suggest that, though the free-radic
al sites are 
formed throughout the irradiated film, there i
s some diffi-
culty on the _part of styrene to actually diffu
se through to 
all the inner sites, especially the crystallin
e regions. It 
is assumed that most of the grafting occurs at the am
orphous 
10 
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regions. Mere cross-linking of polyethyl
ene with a dose of less. 
than 10
7 
rad has little effect on the permeability
 of gases. 
In the region of 20-30% grafting, a minimu
m in P was 
found. It was pointed out that if the eq
uation P:::D.S holds, 
P depends on both D ands, either of which
 could depend on 
Structural changes. 
Due to the presence of grafted polystyren
e, the solubil-
ities of nitrogen, oxygen and carbon-dioxid
e were somewhat 
higher than in polyethylene, depending on 
the amount of grafting. 
Taking the cue from Fujita (3), Huang and co-workers 
say 
that the initial decrease in the permeab
ility constant with 
percent grafting could be explained in ter
ms of a decrease in 
the free volume and segmental mobility of 
the amorphous regions. 
The grafted polystyrene renders the polye
thylene chain seg-
ments less mobile and increases the cohes
ive forces opposing 
hole formation, resulting in a decrease in
 diffusion and per-
~ 
meation rates. 
The sudden change in Pin the 20-30% graf
t range and the 
increase in P with increasing percentage 
grafting has been 
explained by· Huang and Kanitz as follows: 
It could probably 
be due to the changes in the amorphous-c
rystalline ratio. 
Above 20-30% grafting, the polystyrene ch
ains penetrate and 
disrupt some of the crystalline regions o
f the polyethylene 
and open up new regions.made available fq
r·increased gas 
permeation. 
11 
In yet anqther paper, Huang and Jarvis (9) talk about the 
separation of liquid mixtures by using polymer membranesi 
Though this is not of immediate interest to our project, a few 
highlights might heighten our interest. Close boiling mixtures 
could be separated by polymer membranes. Binary liquid mixtures 
of different polarity·were selectively permeated. Cellophane 
film, boiled in water, preferentially pa~sed water from a water-
alcohol solution. 
In a theoretical model, they say that water has a plasti-
cizing effect and also that water-clusters are formed within a 
polymer when used for permselection. The water, in its role 
as plasticizer, helps in loosening and swelling the polymer 
structure and allOIIS the polymer segments to move more freely. 
about the backbone. 
Clusters, which are nothing but the mutual association 
of water molecules, tend to take a lesse.r part in the diffusion 
than unassociated molocules, due to the relative irrunobility 
they gain. Thus th.is irrunobili ty tends to inhibit diffusive 
jumps. As a result, the rate of diffusion can be expected 
to decrease. 
A·. Furuhashi and M. Kadonaga (10) suggest a continuous 
flow of monomer· vapor· for grafting. They say that hardly 
any homopolymer. could be formed. In polyethylene grafts the 
i2 
concentration is homogenous throughout but there appears a re-
tardation (low concentration) at the surface. In polypropylene-
butadiene grafts, a concentration gradient from one side to the 
other was noted. Matsuo is quoted as saying that as the monomer 
concentration increases, the graft concentration on the surface 
decreases. The decrease of this effect in the liquid phase 
grafting reaction may be attributed to the fact that the mono-
mer concentration is almost homogene:us throughout the material. 
We should now look into the process by which pre-irradiated 
graft reactions occur. There are 2 effects of gamma irradiation 
upon polymers: (i) the random loss of side groups, such as 
hydrogen atoms , from the polymer chain ard (ii) main chain 
fracture to give polymeric radicals • 
• 
. . 
__,, - C t-4i.- CH - C Hz.~ 
l 
- CHi,-CH - Cl-I~ 
13 
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at low temperatures, trapped radicals are formed due to the 
immobiiity of th~ polymer ch~ins, Absence of oxygen is essen· 
tial. Hence,·in vacuo treatment gives trapped free radicals 
at low temperatures. 
In the presence of oxygen, peroxide and hydroperoxide 
linkages are formed, 
+D'l. 
"-'cH2- CH - CH1 __..,, 
-.,cH1- CH -c.Hl.-., I . 
,-..J cH1 -?' CHi. 
. \ 
oo• 
hH, 
oo• 
~ C.H - CH- C.H2,......., 
2. I 
o: 
I 
0 
' -cl-I~ -ct-t-c t-t~"' 
(iii) Preparation of Graft Polymers by Irradiation. 
Ballantine et al (2) grafted styrene onto polyethylene 
(low-density) by 4 different m~thods, using gamma-irradiation. 
1. Simultaneous Grafting (a) film irradiated while 
immersed in monomer 
· (b) Irradiation of monomer-swollen film. 
2. Post-Irradiation Grafting (a) Pre-irradiated in air. 
(b) Pre-irradiated in vacuo. 
In both 2 (a) and 2 (b) irradiation is followed by the addition 
of monome·r. 
14 
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Ballantine and co-workers used the same system of
 poly-
ethylene and styrene for all 4 techniques and fou
nd by photo-
micrographic studies that method 2 (a) gave the most homogen
-
ous type of graft, with the least amount of homo
polymer of 
styrene. When irradiated in air, peroxides are f
ormed, whereas 
trapped free-radicals are produced when irradiate
d in vacuo. 
Hydrogen gas is produced and escapes out of the f
ilm by dif-
fusiOD, Any cross-linking of the polyethylene is
 discounted 
by the author. He is further of the view that fr
ee-radicals 
are located within the crystalline regions where 
the mobility 
of polymeric segments will be low. 
It was with a view to produce the most homogenous
 graft 
co-polymer that the technique of-pre-irradiation 
in vacuo was 
undertaken in this study. 
15 
Iv~ Gamma Irrad~ation Theory 
Radiation chemistry·deals with the c
hemical changes pro-
duced by high-energy radiations as o
pposed to radio-chemistry 
which deals with the study of radio
-active elements. 
The high-energy radiations with whic
h radiation .chemistry 
deals with include the electromagne
tic radiations of wavelengths 
below 100-1000°A i.e. of energy grea
ter than 10-100 ev. 
One of the characteristic properties
 of high-energy 
radiation is to cause ionization of 
the medium in which it is 
absorbed. Hence, the term "ionizing
 radiation". High-energy 
radiation often converts stable mole
cules into free-radicals. 
Since free-radical chemistry is a w
ell defined kinetics field, 
radiation chemistry forms a part of 
it. 
Gamma-Rays: Electro-magnetic radiati
ons originating from 
the atomic nucleus and having wave
lengths below 100°A are 
called x-rays. The mechanism of the
 interaction of the x-rays 
with matter is explained by Swallow 
(13).Gamma rays lose 
their energy mostly by Compton scatt
ering and to a lesser 
extent by pair production and photo
electric absorption. 
In the Compton .effect the incident x
-ray interacts with 
an orbital electron ejecting the electron from 
its orbit and 
producing another photon of lower en
ergy. 
The electron and photon interact sub
sequently with the 
material being irradiated, and give ri
se to essentially two 
16 
processes - ionization and excitation. In the case of ioniza-
tion, the Compton electron transfers sufficient energy to the 
orbital electron of another atom to overcome the· forces binding 
it to the nucleus. The electron is therefore ejected, leaving 
behind a positive ion. If the. energy transferred is insuff'ici• 
ent to cause ejection of an electron, the energy level of the 
atom is raised and the atom is said to- be in an excited state, 
The ions and excited molecules are very reactive; they either 
eract with other materials present in the system or decompose 
into radicals and atoms or molecules. The free radicals pro-
duced upon irradiation of polymeric systems may be used to 
initiate graft polymerization. 
17 
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2. Experimental 
(a) Description of the Apparatus 
(i) Vacuum System 
The vacuum-line (see Fig. 1) was fabricated from Pyrex 
glass tubes and ground-glass tubes (#1,2). A Macleod gauge 
which showed pressures as low .as 5µ of mercur·y was attached 
to the system at one end. At the other end a 0.5. hp vacuum 
pump was attached. The line could be e·ither connected direct-
ly to the vacuum pump or indirectly to a mercury molecular 
diffusion pump, as required. 
(ii) Insertion of samples 
The polymer and monomer samples were polyethylene film 
and liquid styrene, respectively. As in figure 1, they were 
placed in tubes 1 and 2, respectively. The film was rolled 
to exactly fill the inner wall in a hollow, cylindrical 
manner. The liquid styrene in 2 was filled just below the 
brim. Both the lower tubes in 1, 2 were matched to their 
corresponding ground-glass joints and the vacuum pinch cock 
opened or closed, as desired. Heavy rubber tubing was used 
to connect the tubes to the line. 
'If' i: ', ,r.,.'llll..-•. 
After reaching a vacuum equivalent·to a pressure of lQJ 
of mercury, the diffusion pump was used to achieve still 
lCMer pressures. 
The irradiation technique is described in (iii) belCM, 
(iii) The Irradiation Source 
The Gamma-cell (Gamma-Cell 220) contains co60 which 
emits 1.17 and 1.33 Mev x-rays and has a half-life of 5.3 
years. co60 is usually supplied as cobalt metal contained 
in a capsule to eliminate the spread of activity. The dose 
rate at the center is approximately 0.5 Mrad/hr. 
Garruna-ray sources above a few hundred millicuries (the 
Gamma Cell 220 has 12012 curies) require special shielding, 
and for this purpose lead containers are used. They are 
heavily designed against the spread or leak of activity. 
Hence the main irradiation chamber is a hollow cylinder that 
juts out of the cell for the removal or placing of the 
naterial. On pressing an electrical timer, it slides back 
· inside the cell whence it is exposed to the co
60 
source. 
It. pops up as the time set by the timer expires •. 
19 
(iv) Permeability Apparatus 
The permeability cell and the pres
sure cell are as shown 
in William Flis' work ( 11), Made of Mon
el metal to pre cent cor-
rosion, they are also designed to
 withstand high pressures, say, 
up to 1000 psig, The high pressu
re side has a nitrogen gas 
cyclinder connected to the pressu
re cell at a definite pressure 
(SO psi). The low pressure side uses nit
rogen as a sweep gas, 
drawn from a separate cylinder an
d flowing at 20 psi & 100 
cc/min. This gas goes to the moi
sture-monitor. The film to be 
tested lies on a porous metal bas
e as shown in the figure. A 
complete description is given by 
Flis (11). 
The moisture content of the efflu
ent gas was measured 
using a C.Et 26-301 moisture mon
itor, which operates on the 
principle of analysis by electrol
ysis. The analysis is ac-
complished by continuously absorb
ing arrlelectrolyzing all 
water present in the sample strea
m entering the instrument, 
The electrolysis current, which 
is related directly by 
Faraday's Law to the mas·s rate-of
-flow of water into the in-
strument, is used to accurately i
ndicate the sample's water 
content. Because changes in sam
ple-flow rate, as well as 
changes in concentration, affect
 the mass-rate-of-flow of 
water into the analyzer, the flow
 is kept constant by using 
a flow controller-. The indicated 
current is thus proportional 
only to the water concentration,
 expressed conveniently in 
parts per million by volume, 
.. 
The moisture monitor is a precise instrume
nt designed 
to measure moisture in a gas at concentrat
ions from l to 1000 
parts per million, the gas flowing through
 the unit at 100 
cc/min. It can also measure the dew point 
in such gaseous 
flows. 
The heart of the instrument is the electro
lytic cell 
which has a sole function of responding to
 water and water 
alone. _However, corrosive gases and liquid
s might damage the 
instrument if sent through for analysis. 
The CEC manual 
describes such gases and also warns of inte
rference from dirt • 
·! 
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(b) Impregnation Technique-: 
The procedure for grafting styrene in a film of poly-
ethylene_ could be achieved in four ways, as ·mentioned earlier, 
We followed the procedure of pre-irradiation of polyethylene 
in vacuo, followed by contact of styrene monomer, also in vacuo, 
Styrene monomer is allowed to diffuse through the irradiated 
film of polyethylene whereby styrene is grafted onto the free-
radical sites that have been created by gamma irradiation. 
' ' 
Low-density polyethylene of 4 mil thickness (Ethyl Cor-
poration) was used in our experiments. Pure liquid styrene 
of Borden Chemicals was used as the monomer. The polyethyl-
ene was placed in the sample tube and de-gassed by connecting 
to the vacuum-line. De-gassing was done both at room temper-
ature (25°C) and at a very ·1ow temperature attained by liquid · 
N
2 
bath. The limiting pressure reached was 5µ of mercury. 
Similarly, styrene was purified and the inhibitors removed 
by vacuum-distillation •. 
The polyethylene was then removed from the vacuum-line 
and taken to the Gamma cell. It was irradiated from 1 to 
5 hours at a temperature of 25°C. The source had an approx-
imate dosage rate of 0.5 Mrad/hour. 
The polyethylene was then brought back from the Gamma 
cell and readied for contact with styrene, During the pre-
irradiation in vacuo, due to the free-radical reactions: 
-
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5ome H2 and other gases 
were formed. These had to be purged 
to create a vacuum equal to that in the styren
e section of the 
system. After de-gassing of hydrogen, both at 
room-temperature 
and liquid N2 temperature, th
e tube containing styrene (at room 
temperature) was connected to the tube containing the irra
diated 
polyethylene by opening the vacuum stop-cock. 
This step was 
done rapidly so as not tq lose much time for th
e trapped free-
radicals to decay with time. As an added prec
aution, pre-
irradiated polyethylene was kept at a super-coo
led temperature 
throughout the contact with styrene monomer. 
The contact time 
was 7~ hours. A cold temperature reduces the 
mobility of free-
radicals in the polyethylene and also helps in
 the diffusion 
of styrene onto polyethylene by a thermal pote
ntial gradient. 
The styrene vapors emanating from the styrene 
section 
and entering from the top of·the film (which is verticall
y 
rolled along the inner surface of the cylindri
cal glass-tube) 
deposited as frozen solids due to the outside 
liquid nitrogen 
bath. The frozen styrene however soon melted 
down and flowed 
along the surfaces of the film to the bottom o
f the tube as 
a liquid because of the evaporation of the liqu
id nitrogen 
in the outside bath. Contact was continuous fo
r 7~ hours. 
After 7~ hours, the polyethylene tube was remo
ved from 
the vacuum-line and opened to atmospheric pres
sure. The 
liquid styrene that submerged the film was drain
ed and the 
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film washed with benzene several times. The film was 
soaked 
in benzene overnight to dissolve both ungrafted poly
styrene 
and styrene monomer that might have had diffused in b
ut re-
mained unreacted. The film was vacuwn-dried to remov
e benzene 
and weighted for change in weight. w2 - W1 
The percentage styrene grafted was denoted as W 
x 100. 
l 
Tests showed that the density of specimens cut from 
various 
portions of the film was reasonably uniform, to with
in 
± 0 .01 gm/ml. 
Measurements 
( c) Permeation: 
The permeability coefficient P, of a sample is an 
Arrhenius type of function denoted by 
p = p e-Ed/RT 
0 
or 
p p E 
ln O = ln O - _sL RT 
and P = D x S 
Where D and Sare the diffusion and solubility coeff
icient, 
respectively. Pis a function depending on the facto
rs like 
concentration, flow-rate of a purging gas, thickness
 of film 
and area of film, and the temperature of the system 
(°K), A 
plot of P vs 1/T willqive the apparent energy of ac
tivation, 
for the permeation process(semi-log paper). 
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Annealing 
To further improve the lowering of permeability of the 
samples, and to approach an equilibrium state, we annealed all 
the samples at 70°C in tap water for 24 hours. This again 
formed a basis for all our calculation, With a few exceptions, 
results are thus based on annealed polymers. 
The film was mounted in the permeability cell between two 
hollow Monel metal plates and with a porous plug of iron base 
for the film to rest on. The permeability cell was connected 
to the pressure cell which delivered a certain pressure to the 
tap water diffusing through the film. The pressure cell's 
pressure was obtained from a nitrogen gas cylinder having a 
pressure-gauge. The pressure delivered was maintained at 
SO psig. 
On the low-pressure side of the film, a second nitrogen 
gas cylinder was used to sweep permeated water, at a pressure 
of 20 psig and a constant flow-rate of 20 psig. This gave a 
pressure gradient of 30 psig. 
The whole system (excluding the gas cylinders) was 
housed in a thermostat-controlled oven, which heated the 
; '.:.-..-. 
system at temperatures up to 100°C with a precision oft o.s 0c. 
The diffusing water molecules vaporize in face of the 
purging nitrogen gas, which carries the water through the 
moisture monitor. The electrolytic cell. in the moisture 
25 
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monitor electrolyses the water and measures the·amount of water 
passing through. If the flow-rate ~s accurately set at 100 
cc/min, it shows the reading in "parts per million" by volume, 
Thus PPM was measured in terms of volume fraction of water in 
nitrogen at room temperature.. Since the nitrogen itself was 
not moisture-free, a background reading was taken to measure 
moisture content of the sweep gas so that moisture values could 
be corrected appropriately. 
The temperature of the oven was increased by 10°C for 
every fresh reading. However, it took a long time to reach a 
steady-state on the part of the cell - about 8 hours. The 
steady-state reading of the moisture monitor painter was de-
termined by means of a Sargent Recorder pen which moved both 
with respect to the pointer and time, as such. A bubble flow-. 
meter measured the exact flow-rate of the purgin nitrogen gas. 
(d) Further Refinements 
It was obvious from the calculated P vs 1/T semi-log 
plots that the relation, ·though expected to follow a typical 
Arrhenius plot, did not do so. We hence tried to determine 
the background moisture content as a function of room tempera-
ture • When the cylinder was directly connected to the moisture-
monitor, it showed the moisture content of the flowing nitrogen 
gas, At various room temperatures (the laboratory is exposed to 
fluctuations in temperature) we found a linear relation 
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between background and ambient tempe~atu
res, 
The next set of readings were taken with 
a temperature-
dependent background. This temperature i
s not to be confused 
with the oven temperature which ranged fr
om 30°C to 90°C, 
while the ambient ranged from 20°c to 30°C
, depending on the 
weather conditions. This technique produ
ced an exact linear 
Arrhenius - type plot over the temperatur
e range used. ( see 
Fig. 5). 
Solubility: There was not much change in 
weight (about 
1%) when samples of different graft percentages w
ere weighed 
before and after immersing in tap water a
t a given temperature 
for 45 days. The weighing was done every
 15 days. 
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3 • - Experimental Results 
(a) Permeability 
(i) Instrumental and Annealing Effects
 
Styrene contents of the graft f
ilms, poly(ethylene-g-styrene), 
ranged from approximately l to 
14,7 %, with irradiation times rangi
ng 
from l to 5 hours. We could no
t work beyond the .s hour limit 
due to 
leakage of air into the system.
 
In figure l irradiation time is plotted ve
rsus percentage 
grafting. Although some indivi
dual points are widely scattere
d (for 
unknown reasons), the percentage grafti
ng tends to vary directly.with
 
the irradiation time and hence 1
.inear, as expected. Although a
nnealing 
of the films before measurement
 is a preferred procedure, init
ially, 
a few films were run without an
nealing, for the sake of pract
ice. 
For a control experiment, we te
sted the permeability of a 4 m
il 
film of 2" exposure diameter fo
r its permeability constant at 
various 
temperatures ranging from 25 °c t
o 80°C. As described. before, t
he 
moisture monitor recorded· the m
oisture content of the purging 
nitrogen 
gas and the rate at which it wa
s purging. 
When log permeability was plott
ed against the reciprocal of 
absolute temperature ( °K), the permea
bility curve for a plain, unir-
radiated, ungrafted.polyethylen
e film showed a transition regi
on at 
54°C, the S4°C point being the r
egion where the slope of the s
traight 
line graph changed abruptly (see figur
e 3). It was not known immedi-
ately if the transition was rea
l or spurious. In some cases, 
transi-
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tions in permeability constants have been related to the glass transition•, 
However, polyet11ylene does not exhibit a transition in this range of 
temperature • 
Expecting to see a similar curve for a grafted film, we ran a 
11.2 % styrene graft film in tap-water, but found no transition. In 
order to check the validity of the observation, we checked the moisture-
content of the nitrogen gas (background) from the cylinder as a function 
of ambient temperature, As the room-temperature changed very little 
during this period, we could only get a few close points of PPM (back-
ground) as related to the temperature. 
Surprisingly, a linear relation between moisture content and 
temperature of 20°-30°C held, and was used to give a corrected back: 
ground value (Fig, 4), We thus corrected for non-isothermal laboratory 
conditions, Application of this correction to a 11,2 % styrene graft 
film gave a single straight line (Fig. 6). Thus, a transition appears 
only if we assumed a constant background, and is thus apparently 
spurious. All further experimental values were corrected for the 
effect of temperature on background moisture content. 
Having corrected for background, we used the same film (which 
was being slow cooled from a previous high of B0°C) to a room tempera-
ture of 25°C, taking a full 24 hours for this in-line annealing. On 
being re-run, the 11,17% graft gave a remarkably reproducible graph, 
") 
which only vaguely differed from the previous result. 
A new control sample of polyethylene (annealed at 70°C for 24 
hours) was run to establish a comparison of the grafts. The curve 
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for the 11.2 % styrene sample ver}.' nearly coincided with t
he control 
line, within experiment~l error, with a slight
ly higher activation 
energy (Ep). 
In order to further improve. the usefulness of t
he graft co-
polymers, we tried to alter the crystalline str
ucture of the films by 
annealing. If the morphology could be altered 
in a manner that would 
provide more resistance to permeation, this cou
ld considerably reduce 
the permeability to water. 
The subsequent films (including the twice used 11.2 % styr
ene 
content film) were annealed in a tap-water bath at 70°C fo
r 24 hours. 
After 24 hours, they were slowly cooled for abo
ut 2-3 hours to about 
room temperature. The films were dried and imm
ediately used for the 
experimental runs. A temperature of 70°C is ab
ove the glass transi-
tion temperature of polyethylene, but below tha
t of.polystyrene. 
Hence, the annealing procedure might be expecte
d to result in an an-
nealing and shrinkage.of polyethylene around th
e polystyrene portions. 
(ii) Effects of Grafting on Permeability and Other Prope
rties 
Permeability: 
As mentioned, the permeability curve of the 11
.2 % styrene film 
was only slightly lower than that of the contr
ol curve. The follow-
ing table indicates the·computed values for all
 specimens. 
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Percentage Code 
grafting Name 
0 lB 
11 •. 2 2A 
11.2 2B 
11.7 3A 
14.7 4A 
8.6 3A 
7.2 6A 
, . 
Table 1, 
Ep, Kcal/mole 
16.8 
15,8 
15,8 
16,0 
14.1 
16.3 
13.9 
Remarks 
Control 
Unannealed 
Annealed 
" 
" 
" 
" 
Solubility_: 
An attempt was made to run solubility tests for a few films by 
immersing the films in water-baths at various temperatures for about 
2 months. 
Films of various graft compositions and of about 1 square inch 
in area were weighed and immersed in different water-baths at various 
steady-temperatures. The temperatures were at 25"C, so
0
c, GB"C and 
100°c. Wherever necessary, a condenser was attached to condense 
back the escaping vapors. However, since many of the films were 
light, they tended to float rather than be submerged and presented 
only one side to the water surface. Films were weighed every 15 days, 
but showed no appreciable gain. In some cases, there was a loss of 
w~ight, indicating an extraction process. Hence, some films were left · 
for a short time .as 23 days whilst some at a leltler temperature 
were left for as long as 60 clays, Clearly, consistent ~lationahipe 
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were not observed, perhaps due to differences in morphology. The 
graphs are shown in Figure 13. 
Density Measurements: 
The densities of the films (gm/cm3 ) when plotted against the 
percentage grafting, showed a maximum, The density of the control 
showed 0.9745 gm/cm3, a comparatively higher value for polyethylene. 
An ungrafted, but irradiated, film of polyethylene (irradiated 6 hours) 
showed a density of 0.9690 gm/cm3. The highest density value recorded 
was that for a 6.25% film - 1.175 gm./cm3• pigure, 12 is self-
explanatory, 
Morphology: 
Transverse sections of a control film·and a 14% film were micro-
tomed to a thickness of 25 microns and studied under a polarizing 
microscope. Not ~uch difference was noted with respect to the control 
and the styrene grafted film, 
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4. Discussion 
There are two major questions to be discussed: 
(1) Why does the density of the graft polymers go through a 
maximum as the per·centage of styrene grafted increases? 
(2) Why doesn't grafting of styrene decrease the permeability 
of polyethylene to liquid water? 
(a) Effect of degree of grafting on Permeability 
Ballantine et al (2) have considered the method of pre-irradiation 
in vacuo as the preferred method for the synthesis of the most homogen-
ous graft co-polymers of polyethylene and styrene. They also comment 
that the trapped free radicals are trapped in the crystalline regions 
rather than in the amorphous regions where they could be mobile enough 
to recombine. It is generally considered by them that irradiation 
beyond a minimum value decreases crystal1inity. 
Fels and Huang (5) say that the grafting of styrene to poly-
ethylene produces a greater impediment to permeation of gases than 
the crystalline regions in polyethylene. Even though some disruptions 
of the crystallite regions may occur due to. grafting, the reduction in 
permeability due to grafting ·appears to predominate so that grafting 
results in an overall reduction in P, 
Huang and Jarvis· (9) suggest that in the separation of water 
from organic liquids using polymer membranes, water acts as a plasti-
cizing agent. Thus water swells the polymer, loosens it, and all<7t1S 
polymer segments to move freely about the backbone • Water also 
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forms "clusters" in which case resistance to transmission is built up, 
They feel that only the amorphous regions take part in the transport 
processes. 
Myers and Stannett (7) report that a minimum exists for P with 
respect _to gases when styrene is grafted to polyethylene in various 
percentages. After a certain percentage P starts increasing. At low 
percentages of styrene, a dense interpenetrating system of polyethy-
lene and polystyrene is formed, so that a tight "fortress" is developed, 
Later, as the styrene percentage increases, the polystyrene segments 
formed in the amorphous regions can disrupt the crystalline regions. i 
The minimum P noted by Huang et al (8) was for grafts having 
between 20 and 30% Styrene. Huang and Kanitz speculate that structural 
changes which strongly affect P could be arising out of a f:illing up 
of the free volume and a subsequent decrease in segmental mobility, 
at least initially. Later, at higher percentages of styrene, the 
increase in Pis probably caused by changes in the amorphous/crystal-
line ratios. At 20-30% grafting, the grafted polystyrene chains 
penetrate and disrupt some of the crystalline regions of the poly-
ethylene and open up new regions which are available for permeation. 
Thus, permeability increases at high degrees of grafting. 
Fujita (3) feels that perhaps the free volume theory fails for 
water molecules as penetrants as he cites examples of polyvinyl 
acetate-water and PMMA·water. Diffusion of. small molecules such as 
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water require for their jumping only a very loc
al co-operation of 
the solid-like vibrations of 2 or 3 m
onomers and, therefore, their 
rate of diffusion would not depend on
 physical factors through.the 
average free volume theory of the sy
stem. It would simply increase 
with temperature as a result of enha
nced thermal vibrations of 
individual monomers and the penetran
t molecules. 
(b) Possible Explanations 
It is quite possible that what we had
 been attempting could 
hold good only for gases and larger-d
iameter liquids. Perhaps the 
water molecule, being very small, can
 penetrate relatively easily 
regardless of filling up the free vol
ume. This explanation would 
be consistent with the suggestions of
 Fujita (3). 
A second reason-for the behavior obse
rved could be based 
on observations by Michaels and Bixle
r (15), who say that annealing 
a film in a particular liquid will m
ake that liquid a highly- . 
preferred penetrant molecule. Perhap
s this is what happened with 
our films when we annealed them in ta
p-water for 24 hours at 70°c. 
A third factor to consider is the pro
cess by which we grafted 
our films in contrast to the ways ot
her workers prepared their 
films. Ballantine et al (2) say that pre-irr
adiation in vacuo, 
followed by the actual grafting mech
anism could lead to the most 
homogeneous type of grafts of the sa
id films. Other workers study-
ing the permeability of grafted films
, have followed the simultaneous 
irradiation-cum-grafting procedure. 
Such films are slightly less 
homogeneous, and their permeability c
oefficients have minima around 
the 20-30% styrene graft region. For 
more homogeneously grafted 
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films, the minima could well exist in a region of styrene concentra-
tion very much below the 20-30% level. 
Thus in effect, following the Ballantine technique, we have 
probably prepared more homogeneous films ·than other workers~ rt 
is possible then that the grafted polystyrene is already outgrowing 
the free-volume space and protruding into the crystalline regions 
at styrene concentrations well below the 20-30% range. 
Still another possibility is that the films are not homCXJenous, 
-
in spite of use of the Ballantine technique-thus exhibiting no re-
duction in P, at all. If the density graph is studied, pig. 12, 
it is possible to speculate on the morphology of·these films as 
follows: 
Imagine that free-radicals form on the interface of the 
crystalline-amorphous region and suppose they survive and easily 
attach themselves to styrene molecules because of lower mobility 
of the former in the crystalline regions. We are supposing that 
free-radicals have more mobility in the amorphous region so that 
they can preferentially combine with each other rather than with 
styrene. If polystyrene could grCM in random directions, could 
the following hold true? 
'' ~ 
c' 
C 
6'i...---D' 
B 
,(0 
~' 
1, 2 are crystalline blocks, Region between 1,2 is 
amorphous, 
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Plane ABD (plane~ is the film.;.side that faces us. So is plane
~, 
facing us, Between planes a. and a.' (not shown in figure), lies 
the amorphous region. Let us call it a 3-dimensiona
l space "S". 
Polystyrene chains could grow in this region, and po
ssibly we 
can explain our density phenomenon through this grow
th. 
With reference to the density curve (fig. 12) it is possibie 
to explain the phenomenon as follows. At less than 
6.25% of the 
styrene grafting, the polystyrene chains grow in ran
dom directions 
and try to fill the amorphous regions with grafted p
olystyrene. 
A~ in the figures below, the process is like a liqui
d filling up 
a vessel and then setting to a solid 
cracks 
polystyrene 
··---
. ·:--:=-::~:-:-- h 
__ i~~-..__.__ ·-------__ _,---·--'---:a--
4-...,_... .cr-t-+ 
<6. 25% grafting 6.25% grafting >6
. 25% grafting 
At 6.25% grafting, a number of free radicals exist, 
which is larger 
than for the less-grafted films. Thus, more chains 
can grow and 
they completely fill the amorphous region, i'.e., the fre
e volume 
Neglecting any disruption of the crystallites up to 
the grafting 
level of 6. 25%, and also ne~lecting s_urface and outw
ard growth, 
we can say a maximum filling up of the free volume h
as occurred. 
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After this maximum has occurred, if further styrene is to 
be grafted (for a still larger number of free-radicals generated 
by larger exposure in the gamma-cell), the growing polystyrene 
chains and freshly beginning chains exert an influence on the 
crystalline walls. A wedge shaped entrance starts forming, 
widening to equal width throughout as grafting is·completed. Thus, 
we have a volume space greater than the actual volume S. Cracks 
could also develop on the crystalline walls. It is quite possible 
that a hole now exists, which could not have existed at an optimum 
6.25% (ideal optimum). This decreases density and increases 
permeation of liquids. 
In fact, we have an increased permeation than for the 
control,. suggesting that a bigger hole now exists than for plain 
polyethylene. 
It is apparent that the above proposed model might not 
exist in our samples-in the sense that disruptions could have 
started at a much early stage. Also, the pores could have widened 
much earlier. The permeabilities of grafted polyethylene films 
is more than or equal to that of the controls, if not less. 
Nevertheless, a practical investigation for the feasibility of 
a near-ideal model is desired. A thorough knowledge of the 
morphology during palystyrene build-up could help us in synthesizing 
a more suitable barrier film for the protection of concrete in 
the desalination process. 
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Fig. L 
r 
The vacuum system in which 
deaeration and post-irradiation 
styrene contact with polyethylene 
took place. 
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THE VACUUM SYSTEM 
FIG. 1 
Fig. 2. 
\ 
Plot of irradiation time in the 
Gamma Cell 220 and the corresponding 
styrene grafting that resulted. 
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Fig. 3. Permeability of control and 11.2% 
styrene grafted polyethylene plotted 
against reciprocal absolute temperature. 
For the control, background deducted 
was not a function of ambient temperature. 
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TABLE 1. 
Kinetic Parameters for Permeation for Polyethylene-Styrene
 Grafts. 
-Ep/RT 
p = p e 
0 
logP = logP ~ - -· log e 0 RT 
Ep l 
logP = logP0 - X log e
 
R T 
Sample Graft ~' kcal 
Equation of line = 
No. Percentage mole 
1A 0 16.8 6.11 - (3682. 8~ 
6A 7.2 13.9 4.50 
l 
-
(3043. 2)i 
-
SA 8.6 16.3 5.87 
l 
-·(3569.l)T 
2A ll.2 15.8 5.41 -
l (3457. 5 )T 
2B ll.2 15.8 5. 42 - (3473. 4~ 
3A ll.7 16.l 5.75 
1 
-
(3515.l)T 
4A 14.7 4. 52 
l 
14.1 - (3085.l~ 
A -
B 
T 
